Background: KCNE3 is tentatively associated with inner ear diseases, but its functions are unknown. Results: Null deletion of Kcne3 produces profound changes in the excitability of auditory neurons. Conclusion: KCNE3 regulates the magnitude of K ϩ conductances responsible for maintaining the electrical phenotype of auditory neurons. Significance: This study is the first to examine the in vivo functions of KCNE3 in the auditory system.
Potassium (K ϩ ) represents one of the most tightly regulated ions in the body within a limited physiological range. The functional importance of K ϩ , which ranges from regulation of ionic compartments and conductance to cell division and cell death (1) (2) (3) , cannot be overstated. The diversity of K ϩ -dependent functions is made possible by several K ϩ channels that facilitate the repolarization phase of excitable cells via K ϩ efflux in response to cellular depolarization (4 -6) . Therefore, as reflected by their physiological importance, K ϩ channels represent the most varied ion channel (7, 8) . These channels are subject to further regulation at the level of their subunits, including several ␣-subunit gene families (7) , and also by a multitude of regulatory ␤-subunits. ␤-Subunits associate with K ϩ channel ␣-subunits to modulate their subcellular trafficking and several aspects of their channel behavior (9) .
One K ϩ channel ␤-subunit family consists of the MinK-related peptides encoded by the Kcne gene family. This ancillary subunit family includes five known human genes, namely Kcne1-5. KCNE subunits display a single transmembrane-spanning domain coupled with an intracellular C terminus and an extracellular N terminus (10, 11) ; therefore, they cannot form functional channels themselves (12, 13) . Indeed, interactions between subunits have been established to a large extent. One must bear in mind that the complexity of such heteromeric interaction between ␣and ␤-subunits is compounded further at two levels as follows: 1) KCNE subunits co-assemble with and modulate ␣-subunits, resulting in a diverse set of K ϩ channel phenotypes; and 2) one K ϩ channel family member can be regulated by different KCNE types. Such heterologous systems suggest unorthodox, yet flexible, stoichiometric dynamics in subunit assembly and therefore present difficulties in dissecting their precise and subunit-specific functions.
Nevertheless, the co-assembly of KCNE1 with Kv7.1 is the best studied due to the physiological importance of this channel. Findings from Barhanin et al. (15) and Sanguinetti and Jurkiewicz (14) established that the voltage-gated K ϩ (Kv) 4 channel Kv7.1 ␣-subunit must co-assemble with a KCNE1 subunit to form a slowly activating cardiac repolarization current. This was later found to be crucial in the termination of cardiac action potentials. In addition, K ϩ channels with Kv7.1 and KCNE1 interaction also play a role in the maintenance of endolymph K ϩ homeostasis in the cochlea (16) . The importance of these findings can be illustrated in KCNE1 mutations in human cardiac arrhythmia and deafness (17) (18) (19) .
The situation is less clear for KCNE3, which is known to associate with the pore-forming ␣-subunits Kv7.1, Kv7.4, and Kv11.1 and a number of other Kv channels (e.g. Kv2.1, Kv3.2, Kv3.4, and Kv4.3). Where KCNE1 slows and increases depolarization-induced activation of Kv7.1 currents, KCNE3 abolishes the voltage dependence (15, 20) . Moreover, Kv7.1/KCNE3 heteromers yield instantaneous, near-ohmic whole-cell currents. Such currents can be stimulated by cyclic AMP, at least in intestinal epithelial cells, and are shown to be involved in intestinal secretory processes and cystic fibrosis (21) . Missense mutations have been identified in the Kcne3 gene in two families with skeletal muscle disorders, and they were found to form complexes with Kv3.4 to regulate the resting membrane potential (22) . Although controversial, single nucleotide polymorphism analyses have shown an association between mutations/polymorphisms in the Kcne3 gene and the increased susceptibility for developing Meniere disease (23) . Interestingly, deep sequencing in patients with chronic tinnitus found two polymorphisms in the Kcne3 gene (24) . Because of the lack of statistical power in that study (24) , the role of Kcne3 mutations in association with tinnitus could not be definitively concluded.
Here, we established the role of KCNE3 in murine auditory spiral ganglion neurons (SGNs). By using Kcne3 null mice, we were able to dissect the regulation of SGN firing properties by KCNE3 through electrophysiological means. Null deletion of Kcne3 eliminates variations in the resting membrane potentials (RMPs) of SGNs relative to wild-type pre-hearing mice. We further discovered that in the absence of functional KCNE3, there are age-dependent changes in action potential (AP) and firing properties of neurons, and this is diversified along the cochlear axis. In addition, basally localized SGNs from mutant pre-hearing animals have reduced AP latency, amplitudes, and firing rates. Conversely, these biophysical differences in SGNs were eliminated between null mutant and wild-type adult mice at 8 weeks of age, indicating compensatory changes and remodeling of K ϩ currents in auditory neurons.
EXPERIMENTAL PROCEDURES
Ethical Approval-Experiments described in this report were approved by the Institutional Animal Care and Use Committee of the University of California at Davis.
Isolation of SGNs-SGNs were isolated from the mouse inner ear using a combination of enzymatic and mechanical procedures (25) . Male and female postnatal (P) (4 -56 days old) C57BL/6N and Kcne3 null (C57BL/6N background) mice were sacrificed, and the temporal bones were removed in a solution containing minimum essential medium with Hanks' buffered saline solution (Invitrogen), 0.2 g/liter kynurenic acid, 10 mM MgCl 2 , 2% fetal bovine serum (FBS; v/v), and glucose (6 g/liter). The Kcne3 mouse strain used for this research project was cre-ated from ES cell clones (10053F-G10), obtained from the KOMP Repository and generated by Regeneron Pharmaceuticals, Inc. Methods used to create the VelociGene-targeted alleles have been described (26) .
The central spiral ganglion tissue was dissected out and split into three segments, apical, middle, and basal, across the modiolar axis as described previously (25) . The tissues were digested separately in an enzyme mixture containing collagenase type I (1 mg/ml) and DNase (1 mg/ml) at 37°C for 20 min. After a series of gentle triturations and centrifugation in 0.45 M sucrose, the cell pellets were reconstituted in 500 l of culture media (Neurobasal-A, supplemented with 2% B27 (v/v), L-glutamine (0.5 mM), penicillin (100 units/ml); Invitrogen) and filtered through a 40-m cell strainer for cell culture and electrophysiological experiments. We cultured SGNs for ϳ24 -48 h to allow detachment of Schwann cells from neuronal membrane surfaces.
Electrophysiology-APs from SGNs were amplified (ϫ100), filtered (bandpass 2-10 kHz), and digitized at 5-500 kHz. Extracellular solution for AP recording experiments contained (in mM) the following: 130 NaCl, 5 KCl, 1 MgCl 2 , 1 CaCl 2 , 10 D-glucose, and 10 HEPES, pH 7.4, with NaOH. The recording electrodes contained (in mM) the following: 112 KCl, 2 MgCl 2 , 0.1 CaCl 2 , 10 HEPES, 1 EGTA, 5 K 2 ATP, and 0.5 Na 2 GTP, pH 7.3, with KOH. The Ca 2ϩ concentrations in solutions were measured with a Ca 2ϩ -sensitive electrode as described (27) . For current measurements in SGNs, recordings were performed using the whole-cell configuration of the patch clamp technique. Signals were amplified using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) and filtered (bandpass 2-10 kHz). Data were digitized using an analog-todigital converter, Digidata 1322 (Molecular Devices). Patch electrodes were pulled from borosilicate glass capillaries with a Flaming/Brown microelectrode puller (P97, Sutter Instrument) and fire-polished to a final resistance of 2-3 megohms, when filled with internal solution. The internal solution for SGN recordings was as follows (in mM): 112 KCl, 2 MgCl 2 , 0.1 CaCl 2 , 5 K 2 ATP, 0.5 GTP-sodium, 1 EGTA, and 10 HEPES, pH 7.35, with KOH. The external solution for SGNs contained (in mM) the following: 130 NaCl, 5 KCl, 1 MgCl 2 , 1 CaCl 2 , 10 D-glucose, and 10 HEPES, pH 7.4, with NaOH. Na ϩ and K ϩ ions were substituted for each other to maintain the osmolarity. The bath solution was perfused (2-3 ml/min) constantly. The liquid junction potentials were measured and corrected as described (28, 29) . All recordings were carried out at room temperature (20 -21°C).
Immunostaining-For histological cryosection experiments, the cochleae were immersed into 4% paraformaldehyde in phosphate-buffered saline (PBS) overnight at 4°C. After fixation, the cochleae were decalcified (10% EDTA, pH 7.4; 24 -48 h; 4°C). Cochleae were processed sequentially with 10 and 30% sucrose at 4°C overnight and then embedded in OCT for cryosectioning. Sections were washed in PBS, permeabilized in 0.1% Triton X-100 for 25 min, and then incubated for 30 min in a FIGURE 2. Marked differences in the membrane properties of Kcne3 ؉/؉ versus Kcne3 ؊/؊ in pre-hearing SGNs. A, evoked APs were recorded by injecting 0.1 nA current in P4 SGNs, which were isolated and kept in culture for 48 h. APs from fast adapting neurons isolated from the wild-type Kcne3 ؉/؉ mice at the apical aspects of the cochlear contour are shown in black. Similar recording obtained from the mutant Kcne3 ؊/؊ mice is illustrated in blue (middle panel). The right panel shows merged traces of the Kcne3 ؉/؉ and Kcne3 ؊/؊ data. At a glance, the amplitude of the first APs in this class of mutant neurons was substantially smaller than that of the wild-type neurons. The dashed lines represent 0 mV. B, examples of slowly adapting SGNs, which were isolated from the base of the cochlea and cultured for 48 h. C, for SGNs that were spontaneously active (see inset for Kcne3 ؉/؉ neurons (in black) and Kcne3 ؊/؊ neurons (in blue)), wild-type neurons showed regular inter-spike intervals. In contrast, the mutant neurons firing pattern was irregular. D, shown is a box plot of the variations in RMPs of wild-type (n ϭ 12; in black) and mutant (n ϭ 8; in blue) basal neurons. E-H, examination of the ranges of RMPs of the two distinct classes of SGNs, namely fast and slowly adapting neurons, showed diverse patterns. Whereas the RMPs, AP threshold, and duration of the Kcne3 ؉/؉ SGNs were conserved in apical neurons, basal neurons had values that were statistically different. Only the amplitudes of apical neuronal APs were different between Kcne3 ؉/؉ and Kcne3 ؊/؊ mice (see Table 1 for number of samples and summary data).
blocking solution containing 1% bovine serum albumin and 1% normal goat serum. The 5-10-m sections were incubated in primary antibody against KCNE3, residues 463-480 (Alomone Labs) at 1:100 -1:200 dilutions overnight at 4°C. To detect Kv4.2, we used an antibody against the extracellular S1-S2 loop 209 -225 (Abcam, Cambridge, MA). Similarly, Kv4.3 was detected with an antibody against the C-terminal amino acids 415-636 (Abcam). To identify neurons, samples were counterstained with an antibody against the neuronal marker Tuj1, as described previously (25) . The rinsed sections were then incubated for 2 h at room temperature with an appropriate secondary antibody, followed by 5 min of DAPI nuclei staining with PBS washing. Slides were mounted with ProLong Gold mounting medium (Invitrogen). Images were captured with a Zeiss LSM 510 confocal microscope.
Genotyping-DNA was isolated from the tail and then PCRamplified using primer sets. The size of the DNA fragments generated determined which mice in a litter were wild types, heterozygotes, and nulls. We used these primer for genotyping as follows: TDF, CGGGACTGAGACCTGGTACATG; R3, CCCACAGTGACGGCAAATAGG; NeoF, GCAGCCTCTG-TTCCACATACACTTCA; and CD-R, CTGTGTCTCGAAA-AATGTCTCATCC.
Data Analysis-Data were analyzed using pCLAMP 10.2 (Molecular Devices), Origin8.1 (MicroCal Software). All measurements are presented as mean Ϯ S.D., and Student's t test was used to determine statistical significance.
RESULTS

Verification of Expression of KCNE3 in SGNs-
Although previous reports have shown the lack of KCNE3 protein expression in tissues from the digestive tract of similar Kcne3 Ϫ/Ϫ animal models (29) , we cross-checked the expression pattern of the protein in isolated SGNs using immunocytochemical analysis. Early studies have suggested K ϩ channel ␤-subunit expression in the inner ear (also see Fig. 7 ) (30) , which demonstrates that the membranes of SGNs are well decorated with a specific antibody directed against KCNE3. By contrast, SGNs isolated from Kcne3 Ϫ/Ϫ mice reacted negatively toward a specific KCNE3 antibody ( Fig. 1) , reassuring the validity of using the animal model to test our intended hypothesis.
Analyses of Membrane Properties of Pre-hearing Kcne3 Ϫ/Ϫ SGNs-KCNE3 expression in developing and mature inner ear sensory cells has been demonstrated (30) , and its regulatory effects on voltage-gated K ϩ (Kv) channels have been implicated in vestibular and auditory diseases. Yet the cellular and functional roles of the ␤-subunit of Kv channels in hair cells and SGNs are unknown. Because the KCNE3 subunit can associate with a variety of Kv ␣-subunits (7), a pragmatic strategy to examine the functions of the ␤-subunit in SGNs is to analyze the membrane properties of cells following null deletion of the gene. We first determined the properties of wild-type Kcne3 ϩ/ϩ SGNs. Fig. 2 illustrates action potentials (APs) recorded from fast and slowly adapting neurons from apical and basal aspects of the cochlear turn, respectively, from pre-hearing P4 Kcne3 ϩ/ϩ and Kcne3 Ϫ/Ϫ neurons. We visibly confirmed the statistical analyses (Fig. 2 , A-H, also see Table 1 ), and in con-
Properties of action potentials in control and Kcne3 null mice Fig. 2D ). Also obvious were the findings that the first evoked AP amplitudes were statistically smaller in the Kcne3 Ϫ/Ϫ apical neurons (Fig. 2G) . The interspike intervals of spontaneously active P4 SGNs were markedly different between the wild-type and null mutant neurons (Fig.  2C) . These findings were similar in both quickly and slowly adapting SGNs. Additional differences in the essential properties of APs between the wild-type and null mutant neurons at P4 are shown (Fig. 2, A- (31, 32) . At P12, major differences between Kcne3 ϩ/ϩ and Kcne3 Ϫ/Ϫ in AP properties were found in slowly adapting neurons isolated from the base of the cochlea. These include the following: 1) enhanced after hypolarization (AHP); 2) reduced AP duration, and 3) reduced threshold voltage (Fig. 3 ). Other features of APs in the wild-type and null mutant neurons were statistically indistinguishable.
To further ascertain potential K ϩ current re-modeling, we examined the AP properties in 2-month-old (2 M; ϳP56) SGNs. Surprisingly, in contrast to pre-hearing neurons and neurons at the onset of hearing, mature neuronal APs had characteristic features that were essentially similar in Kcne3 ϩ/ϩ and Kcne3 Ϫ/Ϫ mice (Fig. 4) . The exceptions were in Kcne3 Ϫ/Ϫ basal neurons where the AHP remained statistically enhanced compared with wild-type neurons (Fig. 4C) . Additionally, for basal and slowly adapting neurons, the inter-spike interval remained substantially reduced in the null mutant neurons (Fig. 4, D and  E) . For clarity, we have summarized chronological and cochlea- Table 1 where the number of samples is listed. spatial similarities and differences in AP properties in SGNs between Kcne3 ϩ/ϩ and Kcne3 Ϫ/Ϫ mice ( Table 1) .
Underlying Changes in Membrane Currents in Kcne3 Ϫ/Ϫ SGNs from Pre-hearing to Post-hearing Era-KCNE3 has been shown to associate with and regulate the activity of several Kv ␣-subunits in heterologous expression systems (28, 33) . Although these previous reports have established, to a large extent, the unrestrained nature of the ␤-subunit KCNE3 interaction with multiple Kv channels, it remains to be demonstrated which of these associations produces a physiological impact in SGNs. To begin to address the impact of KCNE3 on Kvs in SGNs, we performed whole-cell voltage clamp experiments under conditions when activation of outward K ϩ currents was ensured. Fig. 5 exemplifies outward K ϩ currents from apical and basal portions of the cochlea in P4 SGNs isolated from Kcne3 ϩ/ϩ and Kcne3 Ϫ/Ϫ mice (Fig. 5, A-D) . The recordings were obtained from a holding potential of Ϫ70 mV, and outward and inward K ϩ currents were activated using step potentials ranging from Ϫ120 to 30 mV with voltage increments of 10 mV. Two undisputable differences between the two genotypic SGNs were made, such that the peak whole-cell K ϩ current magnitude in the Kcne3 null mutant was ϳ2-fold greater than the wild-type and that Kcne3 Ϫ/Ϫ SGNs showed prominent transient current traces that were less apparent in the wild-type neurons. These observations are illustrated graphically by the difference current traces, shown as insets. A summary of the current density-voltage relationship for apical and basal SGNs is shown in Fig. 5, B and D. To account for the phenotypic differences between AP properties in Kcne3 ϩ/ϩ and Kcne3 Ϫ/Ϫ neurons, we proceeded to examine the chronology of current density differences in P12 and P56 neurons ( Fig. 6) . At the onset of hearing (ϳP12), whole-cell K ϩ currents in apical and basal SGNs from Kcne3 ϩ/ϩ and Kcne3 Ϫ/Ϫ had undergone sufficient up-regulations ( Fig. 6 ). However, the K ϩ current magnitude remained greater in the null mutant than wild-type neurons (Fig. 6, B and C) , but the differences were not as profound at P12 compared with P4 neurons (Figs. 5 and 6) . Indeed by P56, there were no overall differences between whole-cell K ϩ currents recorded from Kcne3 ϩ/ϩ and Kcne3 Ϫ/Ϫ SGNs (Fig.  6) .
Examination on the Chronology of KCNE3 Expression-A simple, but testable, hypothesis for the present findings is that KCNE3 is highly expressed in developing SGNs but later undergoes substantial down-regulation. To obtain traces of this assertion, we examined time-dependent expression of the Kv ␤-subunit protein in SGNs. Qualitatively, we were unable to identify obvious distinct changes in membrane expression of KCNE3 in SGNs from P4 to P56 (Fig. 7) . Alternatively, the findings may reflect compensatory mechanisms associated with null deletions of specific genes (34) and/or altered timedependent expression of the prominent Kv ␣-subunit in SGNs, which is under KCNE3 modulation. However, these studies have provided a glimpse of the properties of the most likely Kv ␣-subunit, which is under the regulation of KCNE3 in SGNs. To extend our study further, we rationalized that at least one of the Kv channels, under the regulation of KCNE3, would generate a transient current. Among the transient current channels in SGNs is Kv4.2 (35, 36) . We expressed mouse Kv4.2 in CHO cells, either singly or co-jointly with KCNE3. As expected, transfection of Kv4.2 alone yielded robust transient K ϩ current (Fig. 8A) . Co-transfection of Kv4.2 and KCNE3, at different ratios, resulted in whole-cell K ϩ current with reduced transient but increased sustained components (Fig. 8, A and B) . We cross-checked the Kv4.2 and KCNE3 expression and localization in SGNs (Fig. 9 ). Indeed, SGNs reacted positively to antibodies against Kv4.2 and KCNE3, and the two proteins were co-localized. In contrast, we did not detect positive staining with antibodies against Kv4.3, consistent with the results of previous studies (35, 36) .
DISCUSSION
Previous studies have established that the K ϩ channel plays a crucial role in the maintenance of ion homeostasis. Recently, K ϩ channel ␤-subunits KCNE have been found as a novel family of regulators of K ϩ channels. KCNE3 was previously reported to be expressed in the cardiovascular, digestive, respiratory, skeletal, and nervous systems (37) . Of particular interest, KCNE3 expression was exclusively confined to the cochlear epithelial lining, starting at embryonic day 14.5 (37) . However, its function was not reported. Here, we demonstrated for the first time that KCNE3 is expressed in the cochlear SGNs of pre-hearing and hearing mice (P4 to P56). We further found that KCNE3 is crucial in the regulation of SGN membrane properties, as well as development of its electrophysiological signature.
We have focused our studies on KCNE3 due to previous studies identifying their association with chronic tinnitus and Meniere disease. Both of these conditions have underlying hearing disorders, thus underscoring KCNE3's importance in auditory physiology. Both population studies, however, were met with some significant setbacks; for instance, the lack of statistical power in one study could not rule out the effects of KCNE3 on the risk of developing chronic tinnitus. Nevertheless, we have used a Kcne3 null mouse to allow dissection of its physiological function, specifically in the auditory neurons, SGNs. Such an animal model provides significant insight due to one main reason, the promiscuity of this ␤-subunit's interac- tion with a wide variety of K ϩ channels. As mentioned previously, whether these partnerships are physiologically significant remains a matter of debate. Here, examining a potential neuronal role for mammalian KCNE3, we stressed physiological relevance rather than heterologous screening and examination of the functional consequences of each possible pairing of KCNE3 and ␣-subunits in in vitro systems. Whereas Sand et al. (24) and Doi et al. (23) described a possible association with hearing disorders, in our case, the lack of KCNE3 in mice demonstrated no obvious hearing phenotype, as evaluated through auditory brain stem recordings (data not shown). Therefore, this study argues against a role for KCNE3 in hearing disorders.
The absence of obvious hearing and balance disorders in our mutant mice does not exclude underlying developmental changes. Indeed, our studies have found, in pre-hearing mice, that APs recorded from Kcne3 null mutant SGNs have significantly narrow variability in RMPs relative to wild type. Because KCNE3 ␤-subunits cannot form channels of their own (12, 13) , such changes in RMP suggest it is strongly involved in regulating membrane conductance. RMPs are determined predominantly by high permeability to K ϩ . In our case, with the observed reduction in the range of SGN RMPs from Kcne3 null mutant mice, it indicates that the ancillary subunit may regulate K ϩ currents. Indeed, in the absence of KCNE3, we further saw a drastic change in K ϩ currents where the peak of K ϩ current magnitude was greater in the Kcne3 null mutant SGNs relative to the wild-type SGNs. Kcne3 null mutant SGNs also showed prominent transient current traces. KCNE ␤-subunits co-assemble with a wide array of K ϩ channels and alter their behavior. For instance, Kv7.1 can be "converted" to a voltage-independent, constitutively active "leak" channel by associating with KCNE2 and KCNE3 (21, 38 -40) . Such dichotomic behavior of Kv channels is crucial for providing K ϩ leak conductance in the colon and stomach (21, (41) (42) (43) . However, such a phenomenon is exclusive to Kv7.1 due to the requirement of the S4 domain (44) ; other Kv7 subfamily ␣-subunits that reportedly interact with KCNEs do not become leak channels (i.e. Kv7.2/3 with KCNE2 and Kv7.4 with KCNE3 (21, 41) ). Although a significant reduction was seen in the activation of Kv3.1 and -3.2 by KCNE1 and KCNE3, there were minimal changes in voltage dependence (33) . Moreover, voltage dependence of Kv3.4 activation is negatively shifted by KCNE3 but without adoption of a constitutive current (22) . Therefore, the propensity of Kv7.1 for conversion to leak mode by KCNE3 is Kv7.1-specific. The Kv7 family of Kv channels was reported to be associated with hearing disorders. Mutations in Kv7.1 are associated with Jervell and Lange-Nielsen syndrome with congenital deafness due to faulty K ϩ recycling via KCNE1/Kv7.1-associated current in marginal cells of the stria vascularis (45) . Moreover, Kv7.4 mutation, which is mainly expressed in hair cells and SGNs, leads to autosomal dominant progressive hearing loss, otherwise called DFNA2 (39, 46) . The potential association of Kv4.2 FIGURE 6. Changes in outward K ؉ current in SGNs during onset of hearing (P12) and post-hearing (P56 or 2 months old) in Kcne3 ؊/؊ compared with Kcne3 ؉/؉ mice. A and B, using standard activation protocol from a holding potential of Ϫ70 mV and stepped to voltages ranging from Ϫ120 to 40 mV, we recorded outward currents from P12 SGNs from apical (A) and basal (B) aspects of the cochlea. The tail currents were recorded at Ϫ80 mV. We compared data from Kcne3 ؉/؉ and Kcne3 ؊/؊ mice, and the difference current traces are shown below. Similar to P4 SGNs, P12 neurons from Kcne3 ؊/؊ mice expressed greater whole-cell K ϩ current magnitude than Kcne3 ؉/؉ mice. The difference in current magnitude was observed in both apical and basal neurons (see E for the summary data of apical and basal SGNs from Kcne3 ؉/؉ and Kcne3 ؊/؊ mice; n ϭ 10 for each group). C and D, similar recordings and analyses were performed for P56 SGNs from Kcne3 ؉/؉ and Kcne3 ؊/؊ mice from apical (C) and basal (D) aspects of the cochlea. By P56, we could not identify differences in the current magnitude between Kcne3 ؉/؉ and Kcne3 ؊/؊ mice in both apical and basal contours of the cochlea. F, summary data of the current density-voltage relationship (n ϭ 9). pF, picofarad. K ؉ Channel ␤-Subunit KCNE3 in Auditory Neurons JUNE 13, 2014 • VOLUME 289 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 16809 channels with KCNE3 in SGNs and regulation revealed yet another complexity of understanding the mechanisms of Kv channel regulation in native neurons.
We further examined SGNs of Kcne3 null mice at the onset of hearing and beyond. Here, we reported more pronounced differences in AP firing properties at P12, when the onset of hearing occurs. These changes in AP properties without KCNE3 were localized in specific regions and neuron populations; we observed enhanced AHP, reduced AP duration and threshold voltage in slowly adapting SGNs from the base of the cochlea, and a smaller amplitude of first spike in fast adapting SGNs from the apex. Such selective differences are not surprising, considering numerous reports demonstrating differential expression of K ϩ channels along the length of the cochlea (36) . Such heterogeneity reflects the complexity in firing characteristics that are associated with an orderly tonotopic map in the cochlea. SGNs isolated from the base fire promptly with an AP of short duration, whereas SGNs from the apex fire a delayed AP of longer duration (36) . Moreover, the same study revealed that some Kv channels, such as K Ca , Kv3.1, and Kv1.1 subunits, were distributed predominantly in the basal SGNs and Kv4.2 predominantly in the apical SGNs (36) . Later studies revealed other channels, such as Kv7.4 (25, 47) , also demonstrate an expression gradient along the cochlear axis. Therefore, specialized electrophysiological signatures along the cochlear axis are governed by differential ion channel distributions in the cochleae. Compounding this complex heterogeneity, we found that ␤-subunit KCNE3 (or the lack thereof) may also contribute to the distinct electrophysiological features in SGNs. One can then hypothesize that KCNE3 can co-assemble with ␣-subunits of a wide repertoire of K ϩ channels to mediate refinement of neuronal output. Further and closer examination of localization between pore-forming and ancillary subunits will provide insights to the functional outcome of their interactions. Although newborn mice are responsive to sound within the first 2 weeks after birth, they do not yet achieve full auditory maturity until adulthood at 2 months old (48) . Maturation of the tonotopic map in the cochlea is not uniform; it progresses at different rates along the cochlear axis, starting with the basal and then the apical region (49) . We discovered that SGNs derived from Kcne3 null mice have differences in AP characteristics, and it is possible that some of the changes we observed in mice during onset of hearing reflect a potential role for KCNE3 in the developmental progression in attaining electrophysiological maturation.
It is also instructive to compare the firing properties of SGNs in older animals (2 months old) when they attain full maturation. To our surprise, most of the AP characteristics were normalized between Kcne3 null mice and wild-type mice. Additionally, the differences in K ϩ currents became less pronounced between the null mutant and wild-type SGNs. Given that ␤-subunits form promiscuous interactions, genetic ablation of Kcne3 may result in subsequent effects on other interacting subunits. Up-regulation in compensatory response to the loss of a single component, altered stoichiometry of the remaining channel complexes, and/or elimination of associated subunits due to the aberrant nature of the resultant complexes are all possible outcomes responsible for the near-normalization of firing properties in SGNs from older mice.
Our results collectively indicated that intrinsic electrical properties of SGNs are dependent on KCNE3 in mice during pre-hearing and onset of hearing stages. These differences are not uniform; lack of KCNE3 in fast adapting basal SGNs revealed an enhanced AHP, reduced AP duration, and threshold voltage, whereas apical fast adapting SGNs only changed in the amplitude of the first spike of the AP. Although the differences in electrophysiological properties between 2-month-old Kcne3 mutant and wild-type mice were negligible, it is suggestive of a possible adaptive compensatory response whereby ion channel remodeling in auditory neurons progresses beyond maturation of hearing.
